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Tunneling spectra of near optimally doped, submicron Bi2Sr2CaCu208+a intrinsic Josephson 
junctions are presented, and examined in the region where the superconducting gap evolves into 
pseudogap. The spectra are analyzed using a self-energy model, proposed by Norman et ai, in 
which both quasiparticle scattering rate V and pair decay rate Ta are considered. The density of 
states derived from the model has the familiar Dynes' form with a simple replacement of T by 7+ 
= (T+Ta)/2. The 7+ parameter obtained from fitting the experimental spectra shows a roughly 
linear temperature dependence, which puts a strong constraint on the relation between F and Ta- 
We discuss and compare the Fermi arc behavior in the pseudogap phase from the tunneling and 
angle-resolved photoemission spectroscopy experiments. Our results indicate an excellent agreement 
between the two experiments, which is in favor of the precursor pairing view of the pseudogap. 

PACS numbers: 74.50.+r, 74.25.Jb, 74.72.Hs 



I. INTRODUCTION 

Pseudogap in cuprate superconductors is now a well 
established phenomenon^ but its nature remains a mys- 
tery. There are theories that provide viable candidates 
for the origin of the pseudogap. Some of them involve 
precursor superconductivity, 2,3 such as those based on 
boson-mediated pairing 4 - or bipolaron-^. scenario, or on 
the resonating valence bond stated Other theories like 
the nearly antifcrromagnetic Fermi liquid model^ have 
also been proposed. Moreover, pseudogap can arise from 
a different origin such as charge density wave that com- 
petes with the superconducting stated Apparently, un- 
derstanding pseudogap is crucial for finding the underly- 
ing pairing mechanism of the cuprate superconductors. 

One important observation in the pseudogap phase 
from angle-resolved photoemission spectroscopy 
(ARPES) experiments is the existence of an un- 
gapped portion on the Fermi surface, described through 
the spectral function A(k,uj), known as the Fermi 
arc— Recently, there has been considerable progress 
towards its understanding. ARPES measurements on 
Bi2Sr2CaCu208+,5 (Bi-22f2) materials demonstrated 
a linear temperature dependence of arc length above 
Tj^- and the opening of a gap on the arc below T c j 12 i 13 
Further analysis of the ARPES ) 14 i 15 Raman, and specific 
heat data— showed that the arc is interpretable from 
a linear temperature dependence of the quasiparticle 
scattering rate T. 

Tunneling has traditionally been a useful tool in re- 
vealing the material's superconducting properties—*^ 
For the Bi-2212 materials, experimental techniques in- 
cluding scanning tunneling microscope (STM)^ break 
junctions (BJs), 20 and intrinsic Josephson junctions 
(IJJs) 21 i 22 ' 23 i 24 ' 25 i 26 were used, yielding a variety of valu- 
able results. For instance, Zasadzinski et al. analyzed 
the BJ and STM data using the d-wave Eliashberg the- 
ory and correlated the tunneling dip feature with the 



magnetic resonance mode— These studies point to the 
electron coupling to a narrow boson spectrum as pos- 
sible pairing mechanism. From the STM results^ the 
pseudogap opening temperature T* , rather than T c , was 
suggested to be the mean-field critical temperature, thus 
supporting precursor pairing as the origin of the pseudo- 
gap phase. Meanwhile, in the IJJ studies, a different ob- 
servation, namely the coexistence of the superconducting 
gap and pseudogap, which leads to the conclusion that 
their origins are different, was reportedi 21 ' 22 i 23 Viewing 
from these results, it is clear that the answer to the pseu- 
dogap nature is still ambiguous from the tunneling exper- 
iments using different techniques. Further understanding 
is therefore needed, in particular on the above-mentioned 
Fermi arc issue that has not been addressed so far in the 
reported tunneling experiments. 

In this paper, we present and examine the tunneling 
spectra of near optimally doped, submicron Bi-2212 IJJs 
near and above T c where the superconducting gap evolves 
into pseudogap, 2 ™ We show that the spectra can be well 
fitted using the density of states (DOS) in a form often 
used in the tunneling experiment— 



N(9,lo) = Re 



•Z74 



'*74 



A 2 cos 2 (26») 



(1) 



where a d-wave gap is considered and 9 is the angle of 
in-plane momentum measured from (tt,0). Such fit leads 
to a slowly decreasing A and a roughly linear behavior of 
7 + with increasing temperature. It can be easily shown 
that Eq. (1) is closely related to the phenomenological 
self-energy^ 



£(k,u;) = -iT + 



A k 



(2) 



where £k is the energy of bare electrons relative to the 
value at the Fermi surface and Ta comes from the pair 
fluctuations. The self-energy in Eq. (2), applicable for 
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FIG. 1: (Color online) (a) I-V, (b) dl/dV, and (c) d 2 I/dV 2 
characteristics of a near optimally doped, submicron Bi-2212 
mesa (T c = 89 K) containing 10 IJJs. V corresponds to the 
voltage per IJJ. 

the description of precursor superconductivity, was used 
recently to discuss the Fermi arcs from ARPES experi- 
ment assuming T = Ta- 14,15 In the present work, we will 
consider the more general case where T ^ Ta based on 
the experimentally obtained tunneling parameters, and 
compare the data with the ARPES experiment. As will 
be seen below, our results demonstrate a remarkable con- 
sistency between the two experiments, which is in favor 
of the precursor pairing view of the pseudogap. 

II. TUNNELING SPECTRA OF SUBMICRON 
IJJS NEAR OPTIMAL DOPING 

IJJs, being intrinsic, have the advantage of avoiding 
the problems like the surface deterioration and unstable 
junction structure, and can offer a convenient temper- 
ature or magnetic- field dependent measurement. When 
the IJJ size decreases, the sample's self-heating, a main 
obstacle in the IJJ studies, will also decreased Re- 
cently, we showed that self-heating can be reduced sig- 
nificantly when junction sizes decrease down to the sub- 
micron leve h 24 ' 25 In Fig.[U we plot the tunneling spectra 
of an IJJ mesa, 0.3 /jm in size, fabricated on a Bi-2212 
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FIG. 2: (Color online) Half the dl/dV peak energy A p (solid 
squares). Open squares are those from the spectra normal- 
ized to the one at 250 K. Solid and open triangles are A 
and 7+ in Eq. (1) from fitting the spectra using N e ff(uj). 
The dashed and dotted lines are the BCS d- wave A P (T) with 
2A p (0)/fcT c = 4.28 and that with temperature normalized to 
T c , respectively. The inset shows the normalized spectra at 
three temperatures (symbols), and the calculated results us- 
ing N e ff (solid lines) and Nd(uj) (dashed line at 75 K). The 
110 and 150 K curves are shifted downwards for clarity. 

crystal with T c — 89 K. The spectra show a well-defined 
normal-state resistance Rn ~ 1-92 kfl, and clear low-T 
dip feature^ as observed in the BJ experiment^ It is 
seen that as temperature increases, the superconducting 
peak shifts to lower voltages and its strength weakens. 
Near T c , the superconducting gap smoothly evolves into 
pseudogap that persists up to temperatures as high as 
230 K, similar to the STM results^ In Fig. H we plot 
half the dl/dV peak energy A p as solid squares, while 
the open squares represent the corresponding data for 
the spectra normalized to the one at 250 K. Both data 
show a slope change near 150 K, which is reminiscent of 
the experiments suggesting two pseudogap temperatures 
T* and T£ (230 and 150 K, respectively, in the present 
case), such as Nernst experiment 

In Fig.Q] the dl/dV dip disappears at ~ 70 K, which 
allows simple I-V curve calculations^ to fit the data near 
and above T c using a 0-averaged DOS^S 

2tt 

N d {uj) = (1/2tt) J N(e,Lo)d6 , (3) 
o 

or an effective DOS: 

N eff (uj) = (1/tt) J N{9,uj)cos 2 {29)d0 , (4) 
o 
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in which tunneling with a directional preference is 
considered In Eqs. (3) and (4), N(9,lo) is given by 
Eq. (1), which has the Dynes' form 28 and is used fre- 
quently in fitting the experimental tunneling spectra for 
both BCSi£ and cuprat o 20 ' 32 superconductors. In the 
inset of Fig. [2j we show the normalized experimental 
spectra at three temperatures (symbols) together with 
the calculated results (lines). From the data at 75 K, it 
can be seen that the result using N e f / (lo) (solid line) fits 
the experimental spectrum much better than that using 
N d (iv) (dashed line). The fitting parameters A and 7 + 
using N e ff(uj) are plotted in Fig. [5] as solid and open tri- 
angles, respectively. The results show that A has a weak 
temperature dependence while 7+ increases roughly lin- 
early with temperature. At about = 150 K, 7+ be- 
comes larger than A. 



III. BASIC FORMULAS 

Eq. (1) can be derived from the self-energy in Eq. (2) 
under certain appropriate approximations, which can 
therefore be used as a starting point to compare the tun- 
neling and ARPES experiments. First of all, we note 
that Fermi arcs in the ARPES experiment are usually 
discussed through the spectral function A(k, lo) on the 
Fermi surface. It is considered to be gapped if A(kp,Lo) 
has maxima at lo = ±w p 7^ (we call it ARPES gap be- 
low for convenience), while Fermi arc appears at places 
where A(kp,to) has maximum only at lo — 0. From the 
self-energy in Eq. (2), it can be easily shown that the 
Green's function G(k, lo) — 1/[lo — — £(k, lo)] has the 
form 



G(k,w) 



LO + ITa + £k 



(lo + iT - e k )(w + ?T A + e k ) - A 2 



(5) 



therefore A(kp ,lo) — -(l/TT)lmG(kp,Lo), assuming Ak 
Acos(26*), is given by 



A(0,Lo) 



1 r A [A 2 cos 2 (26») + rr A ] + r^ 2 
7T [lo 2 - A 2 cos 2 (26) ~ rr A ] 2 + w 2 (r + r A ) 2 



(6) 



In a special case of T — T A , the above equation be- 
comes 



A(9,lo) 



r 



A 2 cos 2 (2(9) +T 2 



7T [lo 2 - A 2 cos 2 (26») - T 2 ] 2 + Alo 2 T 2 



(7) 



which was used by Norman et al^ and Chubukov et 
al^ to interpret Fermi arcs in terms of the T parameter. 
Tunneling experiments, on the other hand, are discussed 
through DOS, which is defined by -(I/71") ^ImG(k,w). 

k 

In Eliashberg's strong-coupling theory of BCS supercon- 
ductors, the summation over k is safely replaced by an 

00 

integration J dek and the strong-coupling DOS with a 



complex gap function A(lo) can be obtained*^ In the 
present case for the Bi-2212 materials, we can follow the 
same procedure if we assume a circular Fermi surface^ 
and Ak = A 003(26*). This is possible since, considering 
a tight-binding dispersion like a+2/3(cosk x +cosk y ) where 
a and (3 are constants, the DOS in the normal state has a 
slow variation with energy for all 6. A simple derivation, 
with the introduction of 



7± 



r±r A 



(8) 



shows that Eq. (2) directly leads to Eq. (1). In the case 
of r = r A , it becomes 



N(9,lo) = Re 



lo + iT 



\J(uo + iT) 2 - A 2 cos 2 (26») 



(9) 



which is the familiar Dynes' DOS phenomcnologically 
proposed over three decades ago^ 



IV. VISUALIZING FERMI ARCS USING THE 
TUNNELING PARAMETERS 

The 7+ parameter in Fig. [2l obtained from fitting the 
experimental spectra and defined by Eq. (8), provides 
a strong constraint on the relation between T and T A . 
The r A parameter, representing the Cooper pair decay 
rate, has been discussed previously for the BCS 34 ' 35 and 
cuprate 3 superconductors. In the case of BCS supercon- 
ductors, it was taken into account to explain the fluctua- 
tion effect above T c in materials such as aluminum, where 
a DOS proposed by de Gennes for gapless superconduc- 
tivity has been used^ 4 - From a general consideration, T A 
should be zero below T c and is known to have a linear 
temperature dependence above iti 34 ' 35 



Ta = 



0, for T<T C1 

|fc B (T-T c ), for T>T C . 



(10) 



The T A behavior was also discussed in the case of cuprate 
superconductors. In fitting the ARPES data of under- 
doped Bi-2212 material with T c ~ 83 K, the linear tem- 
perature dependence of T A was confirmed, but the values 
were twice as large as the BCS weak-coupling case pre- 
dicted in Eq. (fTU|) . 

For known T A , the T parameter can be found from 
Eq. (8) with experimentally determined 7+ values in 
Fig. HI and the spectral function A(6, lo) can be calcu- 
lated from Eq. (6). The dashed lines with open symbols 
in Fig. [3] are such evaluated T A and T parameters us- 
ing Eq. (10). The T parameter thus obtained shows an 
enhanced and clear nonlincarity in its temperature de- 
pendence, while 7 + exhibits only a small nonlinearity. In 
Fig. HKa), we show the calculated results of A(9, lo) using 
the A, T, and T A data at T = 150 K for 10 different 
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FIG. 3: (Color online) Two sets of the scattering rates F and 
Ta obtained from experimentally determined 7+ parameter 
using Eq. (8), assuming Ta in Eq. (10) (dashed lines with 
open symbols), and a F linearly increasing with temperature 
starting from below T c (solid lines with full symbols). 



8 values ranging from to 45°. For small 8 (antinodal 
region), the curves show two peaks at ±lu p symmetric to 
ui = 0. As 8 increases, the two peaks shift to smaller \cu\ 
and between 8 = 35° and 40°, they merge into a single 
peak at uj — 0, thus forming the Fermi arc as discussed in 
the ARPES experiment. Fig. 0Jb) shows the correspond- 
ing DOS from Eq. (1), in which the gapped structure 
disappears only at the nodal point of 8 = 45°. 

The ARPES gap uj p can be found by setting the first 
derivative of Eq. (6) to zero: 

w 2 = (l + ^)AcoB(2d)VJ?-^»?, (11) 

where r\ — A 2 cos 2 (28) + FF A - By setting the second 
derivative to zero, the angle 8q at which the arc starts is 
found to be 

* = Vf^x>- (12) 

Fig. [5] displays uj p as a function of 8 at two typical 
temperatures T = 75 and 150 K (solid lines). At T = 75 
K < T c , we have Ta = and from Eq. (11), uj p equals 
the full d-w&ve gap Acos(20). At T = 150 K, one can 
clearly see the existence of the Fermi arc above 8q ~ 
37°. The dotted line is the d-wave gap Acos(26') at the 
same temperature plotted for comparison. In Fig. [5j we 
also show the result at T = 150 K under the special 
condition T = Fa = 7+ (dashed line). The corresponding 
A(0, uj) is displayed in the inset of Fig. [3J which shows 0q 
~ 25°. Setting T = T A at 150 K leads to the T A value 
approximately twice as large as that given by Eq. (10), 
as can be seen in Fig. [3] In this case, both ARPES gap 
and Fermi arc show considerable differences. In Fig. [SJ 
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FIG. 4: (Color online) Spectral function A(8, uj) on the Fermi 
surface at 150 K calculated from Eq. (6) using A, V, and Fa 
parameters indicated. Curves are plotted with 9 step of 5°. 
(b) Corresponding results of DOS from Eq. (1). The F and 
Ta parameters are taken from the dashed lines with open 
symbols at 150 K in Fig. [3] The inset shows A(9,u) with 
equal F and Fa at the same temperature. 

the relative arc length l arci defined by 

larc - 1 - (~)0 O , (13) 

is calculated from the V and Fa parameters of dashed 
lines with open symbols in Fig. [3j and is plotted as open 
symbols. The dashed line in the figure is a guide to the 
eye, which extends to about 45 percent of the full Fermi 
surface length near T£. 

V. DISCUSSION 

Using Bi-2212 samples at various doping levels, 
Kanigel el aL— found the arc length above T c varying 
as T/T*, extrapolating to zero as T — » 0, and rapidly 
increasing from about 50 percent to the full Fermi sur- 
face length near T*. This result is explained using the 
self-energy model Eq. (2) in the case of T = F A and 
assuming a constant A and a linear r oc T at all 
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FIG. 5: (Color online) ARPES gap lo p versus 9 at T = 75 and 
150 K calculated from Eq. (11) with V and Fa taken from the 
dashed lines with open symbols in Fig. [3] (solid lines). The 
dashed line is the result at T = 150 K with equal F = Fa = 
24.5 meV. The dotted line is the d-wave gap Acos(2#) at T 
— 150 K shown for comparison. 
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FIG. 6: (Color online) Relative arc length l arc calculated from 
Eq. (13) using A in Fig. [2] and F and F A in Fig. [3] Open 
and solid symbols correspond to the F and Fa parameters 
shown as dashed line with open symbols and solid line with 
full symbols in Fig. [3] respectively. Two straight lines are 
guides to the eye. 



In the present case with single doping sample, if we use 
Eq. (10) to define Fa, we see that the arc length above 
T c has approximately a linear temperature dependence 
and approaches about 45 percent of the full Fermi sur- 
face length near T*, but it extrapolates to zero as T — * 
T c , as is shown by the dashed line with open symbols in 
Fig. [5] Such temperature dependence of the arc length is 
similar to the discussion in Ref. UH where the actual V ~ 
T dependence from the ARPES measurements^ 3 - is taken. 
However, it deviates from the experimental observations 
as reported in Refs. [ll| and [Til 

In the present case of T ^ Ta we are considering, 
we find that there exist alternative choices of the T 
and Ta parameters that can lead to a better explana- 
tion. Instead of setting the Ta parameter first from 
Eq. (10), we can start in a reverse way by assuming a 
r linearly increasing with temperature, which extends 
from the data below T c where Ta — > 0. Such a lin- 
ear temperature-dependent quasiparticle scattering rate 
was predicted in the marginal Fermi-liquid theory for the 
cuprate superconductors 3 ^ and has been discussed in a 
number of experiments. The T parameter from this con- 
sideration is shown in Fig. [3] as a solid line with full sym- 
bols, together with the Ta parameter obtained from the 
experimentally determined 7+ through Eq. (8). We can 
see that the Ta parameter thus obtained exhibits a faster 
rise with increasing temperature near T c . The relative arc 
length l arc calculated from Eq. (13) using this set of pa- 
rameters is plotted in Fig. [S] as full symbols, which shows 
a clear difference compared to that with open symbols. 
From the solid line in the figure, one can see that the arc 
length would extrapolate to zero as T — > 0, which is in an 
excellent agreement with the ARPES experiment ] 11 ' 13 

Experimentally, an ARPES gap opening on the 



Fermi arc as temperature decreases right below T c was 
observedj 12 i 13 The gap opening can be gradual and follow 
the BCS-like temperature dependence^ or has a sud- 
den increase to the full d-wave gap size.— Our results, 
based on the tunneling data and the self-energy model 
in Eq. (2), seem to support the latter observation pro- 
vided Ta is zero or vanishingly small below T c as is 
shown in Fig. [3l Above T c , the Fermi arc exists and the 
^-dependence of the ARPES gap significantly deviates 
from the ci-wave gap behavior. One interesting feature 
from our calculated results in Fig. [5] is that the ARPES 
gap for smaller 8 at 150 K (solid line) surpasses that 
of the d-wave gap (dotted line). Such a tendency may 
be compared to a recent ARPES measurement on the 
Lai.875Bao.i25Cu04 material^ where a clear evidence 
was found that near the antinodal region the ARPES 
gap is enhanced and has a larger gap size compared to 
the d-wave gap behavior near the nodal region. Possible 
origins of the antinodal phenomenology including a gap 
opening with strong quasiparticle scattering were men- 
tioned in Ref. l37l . 

The above discussion reveals a consistent picture from 
the key ARPES observations and the corresponding re- 
sults obtained from the tunneling experiment through 
the phenomenological self-energy in Eq. (2). The consis- 
tency appears remarkable considering that only 9- and 
energy-independent parameters T and Ta are employed, 
and the only assumption used is a linear temperature- 
dependent quasiparticle scattering rate T, which should 
be reasonable for the cuprate superconductors. 

It is worth emphasizing that the ARPES gap, from the 
description of Eq. (2) , needs not always to be the energy 
gap Acos(20). It can be zero (forming the Fermi arc) or 
larger than A cos(2#) depending on the values of T and 
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Ta- On the other hand, the gap parameter A from fit- 
ting the experimental spectra in Fig. [2] (solid triangles) 
shows a distinct behavior compared to the BCS temper- 
ature dependence (dashed and dotted lines). It decreases 
quickly as T approaches from below T c and there is a sud- 
den slope change at T c . It sits slightly higher than that 
obtained directly from the dl/dV peak position (solid 
squares in the figure) below T c . Above T c , their separa- 
tion increases. In Fig. [2], one can also see that A tends to 
be finite up to T-j* =230 K, which in the precursor pairing 
view suggests T£ to be the mean-field critical tempera- 
ture as discussed in the STM experiment^ 

The strange A behavior near T c could be caused by the 
loss of the global coherence of Cooper pairs where the A 
parameter should be understood as the thcrmodynamic- 
averaged value < A 2 >i 34 i 35 In any case, the differ- 
ences between half the dl/dV peak position, A, and 
the system's "true" superconducting gap parameter can 
be expected. At temperatures above T c , for example, 
the dl/dV peak position becomes largely affected by 
the increasing Y and Ta (see Fig. [5]), as in the case 
of the BCS superconductors* 3 ^ Also, our <i-wave Eliash- 
berg analysis^ 6 , considering a bosonic spectru m 20 ! 26 has 
resulted in a satisfactory fit for the 4.2 K curves in Fig. [I] 
and a low-T gap parameter Ao ~ 38 meV as defined from 
the gap function A(u>) by Ao = A(Ao). 17 This Ao value, 
corresponding to the peak position of the antinodal DOS 
from the theory, is greater than that obtained from the 
dl/dV peak position (~ 32 meV, see Fig. [5]), which gives 
rise to 2Ao/fcT ] * ~ 3.83 close to the BCS d- wave ratio of 
4.28. 



VI. CONCLUSION 

Tunneling spectra of near optimally doped, submi- 
cron Bi2Sr2CaCu208+<5 intrinsic Josephson junctions 
were presented, and examined in the region near and 
above T c where the superconducting gap evolves into 
pseudogap. We showed that the spectra can be well 
fitted using the density of states in the familiar Dynes' 
form, which is closely related to a self-energy model 
proposed recently to discuss the Fermi arc phenomena 
observed in the ARPES experiment. In this work, we 
considered a general situation where the quasiparticle 
scattering rate Y and pair decay rate Ta in the model 
are independent parameters, related however through 
7 + = (r + Ta)/2. We compared the Fermi arc behavior 
in the pseudogap phase from the tunneling and ARPES 
experiments, and showed that from the experimentally 
determined 7+ parameter, some key ARPES results can 
be derived based upon only one assumption: a linear 
temperature-dependent Y. This demonstrates a remark- 
able consistency between the two experiments, which 
is in favor of the precursor pairing view of the pseudogap. 
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Project of the Chinese Academy of Sciences, and the Na- 
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